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Abstract 
Electrospraying is a widely-used technique for generating microspherical droplets in biomedical 
and chemical applications and considered as an effective approach for the deposition on substrate. 
However, studies on effects of controllable parameters on deposition area of electrosprayed 
droplets have not been reported yet. In this study, a simplified two-dimensional model is developed 
to study the dynamic process of droplets and electrosprayed area. The effects of distance between 
the needle tip and collector, and syringe feed rate on the size of sprayed area are quantified. 
Experiments have been conducted to validate the simulation results. Both modeling and 
experimental data demonstrate that the diameter of sprayed area increases with increased distance 
between the tip and collector as well as feed rate. This fundamental understanding should 
contribute to a wise choice of controllable parameters to achieve an efficient utilization of 
electrosparyed droplets or substrate for real applications. 
Keywords: Electrospraying; droplets’ trajectories; coating; microfabrication; multiphysics 
modeling. 
 
 
 
Nomenclature 
E   electric field     V m-1 
Q  syringe feed rate    mL h-1 
K  electrical conductivity of liquid  µS cm-1 
liquid  viscosity of liquid     Pa·s 
air  viscosity of air     Pa·s 
                      surface tension of liquid and air  mN m-1 
  relative permittivity of liquid 
0   vacuum permittivity                    F m-1     
air                  density of air      m3 kg-1 
                     density of a droplet     m3 kg-1 
d  diameter of a droplet     m 
qmax                 maximum charge of a droplet           C 
𝑣   velocity of a droplet     m s-1 
m               mass of a droplet     kg 
V   volume of a droplet     m3 
𝒓                    position of the droplet                                     m 
 
 
 
 
 
 
1. Introduction 
    Electrospraying approach has been widely used to deposit droplets in biomedical and chemical 
applications [1].  In the electrospraying process, the liquid droplets include metal ion solution [2-
4], polymer solution [5-7] and ceramic suspension [8-13]. The electrosprayed droplets bring in 
various applications: drug delivery [5,6], ceramic films [11,12], lithium batteries [2-4], fuel cells 
[14,15] and gas sensors [16-19]. Various merits of electrospraying have been demonstrated: (1) 
simple device setup, (2) low cost and (3) capable of producing small droplets [1]. The size of the 
droplets is usually in a micro-scale, and can be even smaller than 100 nanometers [6,20]. 
Homogeneously distributed droplets are feasible to be fabricated, and this is because electrostatic 
repulsive forces induced among the charged droplets, thus agglomerations of droplets are avoided. 
    Up to date, efforts have been contributed to the application of electrospraying technique as well 
as the physical understanding of the droplet evolution in the electrospraying process [21-24]. The 
trajectories of droplets are affected by many controllable parameters, i.e. syringe feed rate, 
concentration of solution, applied voltage and needle gauge. The effects of those controlled 
parameters on size and morphology of droplets were previously studied [5,6,24-26]. The size of 
the electrosprayed droplets was able to be tuned by adjusting controlled parameters [5,6] 
    However, the effects of controllable parameters on deposition area of electrosprayed droplets 
has not been reported yet. The diameter of the electrosprayed area ranges from several millimeters 
to tens of centimeters under different controllable parameters [23]. The delicate tuning of the 
deposition area can greatly contribute to saving materials. When the size of the deposition area fits 
well with the targeted substrate, the electrosprayed droplets can be efficiently utilized. Vice versa, 
when the size of deposition is smaller or larger than the area of the targeted substrate, a full 
utilization of substrate or the electrosprayed droplets cannot be achieved. In this work, the 
electrosprayed area of ethanol was studied. The ethanol has been reported as a commonly-used 
solvent for the preparation of the electrosprayed precursor [2,3,9,11-13]. A simplified two-
dimensional model has been developed to study the trajectories of droplets and their deposition 
area during the electrospraying process. The modeling results are validated by the experimental 
data.  
2. Experimental approach 
    The electrospraying process is illustrated in Fig. 1. As a high voltage is applied to the needle 
nozzle of a syringe, the liquid surface at the tip of the nozzle quickly forms a pointed cone shape. 
Because the surface tension pulls the liquid back to the nozzle, and Coulomb repulsive force drives 
the liquid towards the grounded collector. This cone is called “Taylor cone” [21]. Once the surface 
tension is overcome by Coulomb repulsive force, the liquid jet is then emitted through the apex of 
the Taylor cone.  Eventually, the highly charged liquid breaks into small droplets. 
 
Figure 1: Schematic of electrospraying process. 
 
2.1 Materials 
    Ethanol (200 proof) was purchased from Decon Laboratories Inc., USA. Methylene blue (MB) 
aqueous solution with a concentration of 1.5 w/v % (1.5 g/ 100 mL) was purchased from Sigma-
Aldrich, USA. All the materials were used as received without further purifications. Methylene 
blue was used to dye the ethanol solution for direct observations of electrosprayed droplets on 
target. Two drops of methylene blue were added into 25 mL ethanol. Syringe and needle were 
purchased from PrecisionGlide.   
2.2 Electrospraying process 
    The ethanol-MB solution was electrosprayed as shown in Fig. 2. The parameters used were: 5, 
7.5, 10, and 12.5 kV for applied voltages; 0.1, 0.5, 1, 2, and 5 mL h-1 for feed rates; 1, 3, 5 and 10 
cm for the distance between the tip and collector. The inner and outer diameter of the needle is 
0.337 mm and 0.641 mm, respectively. The nozzle of the needle was ground with a sand paper and 
finished with a blunt tip. The collector for electrosprayed droplets was a metal plate covered with 
a white paper sheet. The metal plate (length: 550 mm, width: 340 mm and thickness: 2 mm) was 
grounded during electrospraying. The environmental temperature of working condition was 20 oC. 
      
Figure 2: (a) Schematic of electrospraying setup: 1-syringe; 2-feed rate controller; 3-electrosprayed droplets; 4-
applied voltage; 5-white paper sheet and 6-grounded metal plate and (b) Typical ethanol deposition area after 
electrospraying. 
 
3. Modeling approach 
   A simplified two-dimensional model is developed to simulate the trajectories of electrosprayed 
droplets. It is assumed that the electrosprayed droplets are ejected from the tip of Taylor cone 
with a velocity in a random direction towards the collector, and all the droplets are spherical and 
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identical in size with predefined parameters during the electrospraying process. The evaporations 
of droplets are not considered in this model. The computational configuration of electrospraying 
consists of three domains as shown in Fig. 3: syringe needle (#1 domain), metal collector (#2 
domain) and air region (#3 domain). The needle has a length of 20 mm and a width of 0.5 mm. 
The tip of the needle has a wedge angle of 100°, which simulates Taylor cone in the cone-jet 
mode of electrospraying process [21]. Electrosprayed liquid is assumed to be fully stored in the 
syringe needle. A high voltage (5 – 12.5 kV) is applied on the top and bottom side of the needle. 
The droplets are ejected from the tip of the needle. The metal collector is 340 mm long and 5 mm 
wide, and four sides of the collector are grounded. The #3 domain is 500 × 500 mm and filled 
with air. 
 
Figure 3: A simplified two-dimensional model with three domains of electrospraying process:  
1-syringe needle (#1 domain); 2-metal collector (#2 domain) and 3-air region (#3 domain). 
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3.1 Force scaling analysis  
    In the movement from the needle tip to the collector, the electrosprayed droplets in the air are 
subjected to five possible forces: electric force (𝐹𝐸), drag force (𝐹𝐷), Coulomb repulsive force (𝐹𝐶), 
gravitational force (𝐹𝐺 ) and buoyance force (𝐹𝐵) described as shown in Fig. 4. Force scaling 
analysis can capture dominant forces involved in droplet dynamics through the whole process of 
electrospraying and simplified the model. 
 
Figure 4: A sketch of two droplets subjected to five possible types of forces. 
 
The formulas for the five forces are given: 
 
𝐹𝐸 = 𝑞𝐸                                                                      (1) 
 
𝐹𝐷 = 3𝜋𝜇𝑎𝑖𝑟𝑣𝑑                                                               (2) 
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 𝐹𝐺 = 𝑚𝑔                                                                     (4) 
 
𝐹𝐵 = −𝜌𝑎𝑖𝑟𝑉𝑔                                                                (5) 
 
Where, q is the charge of the droplet, E is the intensity of electric field, air is the dynamic viscosity 
of the air, 𝑣  is the velocity of the droplet, d is the diameter of the droplet, 0 is the vacuum 
permittivity, r is the position of the droplet, rj is the position of any j droplet, m is the mass, V is 
the volume of the droplet and air is the density of air. The force scaling analysis was made to 
estimate the magnitude of each force. The magnitude ranges of five forces are estimated using the 
equations (1) – (5) and summarized in Table 1.  
 
Table 1: Results of force scaling analysis of five forces during electrospraying:  
The estimated velocity of droplets ranges from 1 to 40 m s-1; the distance between the tip and collector ranges from 
1 to 10 cm; the applied voltage ranges from 5 to 12.5 kV and the assumed spacing between two droplets is 50m. 
                Droplet diameter 
      (m) 
Force (N) 
2  10 20 
𝐹𝐸 
(Electric force) 
5.52×10-10 
– 1.38×10-8 
6.17×10-9 
– 1.54×10-7 
1.76×10-8 
– 4.39×10-7 
𝐹𝐷 
(Drag force) 
3.40×10-10 
– 1.36×10-8 
1.71×10-9 
– 6.82×10-8 
3.41×10-9 
– 1.36×10-7 
𝐹𝐶 
(Coulomb repulsive force) 
4.36×10-10 5.48×10-8 4.40×10-7 
𝐹𝐺 
(Gravitational force) 
3.30×10-14 4.13×10-12 3.30×10-11 
𝐹𝐵 
(Buoyance force) 
5.12×10-17 6.40×10-15 5.12×10-14 
 
It can be seen that the electric force, drag force and Coulomb repulsive force are the three main 
forces that affect the trajectories of droplets’ motion through scaling analysis. Gravitational force 
and buoyance force are much smaller compared with the electric force and drag force, and it is 
about five to eight orders of magnitude smaller. Therefore, gravitational force and buoyance force 
contribute much smaller to the droplets’ trajectories and will be ignored. Only electric force, drag 
force and Coulomb repulsive force are considered in this model. During the electrospraying, 
electric force accelerates droplets towards the collector, while drag force retards the movement of 
droplets in the opposite direction. Since the droplets are small in size and mass, electric force and 
drag force quickly reach a balance. Coulomb repulsive force is strongly affected by the distance 
between two droplets. The ejected droplets near the tip will strongly drive each other far away.  
3.2 Boundary and initial conditions 
    The trajectories of ejected droplets subjected to three main forces: electric force, drag force and 
Coulomb repulsive force from needle tip to collector are simulated using COMSOL Multiphysics 
software package, which has been demonstrated as an effective tool to study various transport 
phenomena by others’ work [27-30]. This model couples laminar flow module, electrostatics 
module and particle tracing module. The relative tolerance used is 5×10-5. The boundary conditions 
defined are summarized in Table 2. The mesh independent analysis is also studied. The mesh 
number of 5,946, 9,130, 15,080 and 33,494 yield the same results. Thus, 5,946 elements are used 
for the simulation results discussed below. 
 
 
Table 2: Boundary conditions. 
Boundaries Conditions Notation 
#1, #2 Applied voltage and no slip wall 
 
#3, #4, #5 No slip wall 
#6, #7, #8, #9 Grounded and no slip wall 
 
#10, #11, #12, #13 Zero charge and no slip wall 
 
 
The diameter of the primary ejected droplets was estimated by the scaling law [26]. For a given 
liquid, the diameter of the ejected droplets depends on the feed rate of the liquid. For liquids with 
very low conductivity and viscosity (𝛿 = (
𝜖0
2𝛾3
𝐾2𝜇𝑙𝑖𝑞
3 𝑄
)
1
3
 ≫ 1) [26], the diameter of the droplets can 
be estimated as  
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 Where, d is the estimated diameter of primary ejected droplet, Q is the feed rate, 𝛾 is the surface 
tension of the liquid, 0 is vacuum permittivity, 𝜌 is the density of the liquid, K is the electrical 
conductivity of the liquid and µliq is the dynamic viscosity of liquid. For liquids with high enough 
conductivities and viscosities (𝛿 ≪ 1) [26], the diameter of the droplets can be estimated as 
 
𝑑
(𝛽−1)1/3𝑑0
= 1.6 [
𝑄
(𝛽−1)1/2𝑄0
]
1
3
− 1.0                                          (9) 
 
Where, 𝛽 is the relative permittivity of the liquid. In addition, in order to calculate the electric 
force as describe in Eq. (1) and Coulomb repulsive force as described in Eq. (3), the electric charge 
that a droplet holds can be determined by the Rayleigh limit [21] 
 
 𝑞 = 𝜋√8𝜀0𝛾𝑑3                                                           (10) 
 
The initial velocity of the primary droplet is determined with an assumption that the feed rate is 
conserved in the liquid flow [22,23] 
 
𝑣𝑖𝑛𝑖𝑡𝑖𝑎𝑙 =
𝑄
1
4
𝜋(
𝑑
1.89
)
2                                                        (11) 
 
The droplets are released one after another in a sequence, and the release rate (R) of a droplet from 
the needle tip is based on the ratio of feed rate and droplet size and yields 
 
𝑅 =
6𝑄
𝜋𝑑3
                                                             (12) 
3.3 Parameters of droplets’ properties 
    The parameters used in the electrospraying simulation are summarized in Table 3. The droplets’ 
properties with different electrospraying parameters are summarized in Table 4. 
 
Table 3: Parameters of ethanol and air used in the electrospraying simulation. 
Parameters Symbols Value Unit References 
Surface tension of ethanol and air  γ  22.1 mN m-1 [31] 
Conductivity of ethanol K  0.4 µS cm-1 [32] 
Density of ethanol ρ  789 kg m-3  
Viscosity of ethanol µliq  1.083×10-3 Pa·s [33] 
Relative permittivity of ethanol   25  [34] 
Vacuum permittivity ε0 8.85×10-12 F m-1  
Viscosity of air µair 1.78×10-5 Pa·s [35] 
 
Table 4: Properties of droplets at different feed rates. 
Feed rate 
(mL h-1) 
Diameter of primary 
droplet (m) 
Mass of droplet 
(kg) 
Number of elementary 
charge carried by a droplet 
Initial 
velocity 
(m s-1) 
Number of droplets 
released in 1 ms 
0.1 2.49 6.37×10-15 96,468 20.39 3,439 
0.5 5.98 8.83×10-14 358,985 17.68 1,242 
1 8.59 2.62×10-13 618,671 17.11 836 
2 12.29 7.67×10-13 1,058,207 16.73 572 
5 19.63 3.12×10-12 2,135,352 16.40 351 
        
 
 
4. Results and discussion 
4.1 Trajectories of electrosprayed droplets 
     The trajectories of electrosprayed droplets under a condition of an applied voltage of 10 kV, 
distance between the tip and collector of 5 cm and feed rate of 1 mL h-1 are shown in Fig. 5. A 
total of 836 droplets are ejected in 1 ms. After nearly 8 ms, all the droplets arrive at the collector. 
The droplets have the highest velocity immediately after the ejection at the tip of the needle. The 
velocity decreases as the droplets move towards the collector, because the drag force hinders the 
movement of droplets. At the first a few millimeters near the tip, the electric field intensity is the 
highest, which is due to a sharp edge of the needle tip with a high curvature. As a result, droplets 
are accelerated and the moving direction is mainly controlled by the electric field. After the electric 
field intensity gradually reduces to a smaller value, and then the drag force begins to play a role. 
Since the magnitude of the drag force is proportional to droplet’s velocity and the force direction 
is opposite to droplet’s moving direction, the velocity of the droplet is quickly reduced. After that, 
the electric force and drag force maintain a balance all the way until the droplets reach the collector. 
As the electric field intensity decreases towards the collector, the balanced velocity decreases as 
well. It is found that the Coulomb repulsive force helps to disperse droplets near the needle tip, 
because this force is strongly affected by the distance between two droplets. Since droplet cloud 
is denser near the tip, droplets can extend to a wider range with the existence of the Coulomb 
repulsive force. Compared with the trajectories of droplets without Coulomb repulsive force as 
shown in Fig. 6, the diameter of deposition area with the Coulomb repulsive force is 2 cm larger. 
Besides, it is clearly to conclude from Fig. 5 and Fig. 6 that the charged droplets are distributed 
separately with the Coulomb repulsive force, and easily form agglomerations without coupling 
Coulomb repulsive force. This explains one benefit of electrospraying of generating homogeneous 
and dispersed droplets by electrospraying technique. All of the modeling results below (Fig. 7 to 
Fig. 12) are simulated with electric force, drag force and Coulomb repulsive force. 
 
 
Figure 5: Trajectories of electrosprayed droplets subjected to electric force, drag force and Coulomb repulsive force: 
(a) t=0.2 ms, (b) t=1 ms, (c) t=2 ms, (d) t=3 ms, (e) t=5 ms and (f) t=7 ms. (Applied voltage: 10 kV, distance 
between the tip and collector: 5 cm and feed rate: 1 mL h-1). 
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 Figure 6: Trajectories of electrosprayed droplets subjected to electric force and drag force: (a) t=0.2 ms, (b) t=1 ms, 
(c) t=2 ms, (d) t=3 ms, (e) t=5 ms and (f) t=7 ms (Applied voltage: 10 kV, distance between the tip and collector: 5 
cm and feed rate: 1 mL h-1). 
 
4.2 Effect of distance between the tip and collector 
    Fig. 7 shows the electric field and deposition area of electrosprayed droplets with a range of 
distance between the tip and collector from 1 to 10 cm. The controlled parameters used for 
simulation were 10 kV for applied volatge and 2 mL h-1 for feed rate. 
 
    
(a) (b) (c) 
(d) (e) (f) 
(1b) (1a) 
  
   
  
Figure 7: Electric field and deposition area of electrosprayed droplets with different distance between the tip and 
collector: (1a) and (1b): 1 cm; (2a) and (2b): 3 cm; (3a) and (3b): 5 cm and (4a) and (4b): 10 cm. (1a) – (4a) for the 
electric field and (1b) – (4b) for the deposition area (Applied voltage: 10 kV and feed rate: 2 mL h-1). 
 
The simulated electric field shows that electric field intensity decreases with increased distance 
between the tip and collector. The average electric field intensity for 1 cm distance is roughly ten 
times higher than the one for 10 cm distance. The velocity of droplets hence is higher for a short-
distance electrospraying. The right column of Fig. 7 explans that the electrosprayed droplets can 
spread into a larger area with a longer distance between the tip and collecotr. At the initial stage 
of electrospaying, the droplets are accelarated under the electric force with the Y-direction 
(2b) 
(3b) 
(4b) 
(2a) 
(3a) 
(4a) 
component, and the drag force also increases rapidly with an increased speed. The drag force then 
reduces the velocity of droplets along the Y-direction. At the same time, the electric field line 
gradully turns from an angle to the vertical direction of the collector, and this means no electric 
force along the Y-direction to balance the drag force. As a result, the velocity of the droplets along 
the Y-direction becomes zero at  a later stage. For a short-distance, the electric field line is more 
denser to the collector, and it results in a smaller deposition area. Fig. 8 illustrates that the diameter 
of the electrosprayed deposition area always increases with increased distance between the tip and 
collector with a variety of parameter. Without taking evaporation effect of droplets into account, 
the deposition area has an approximately linear relationship with distance between the tip and 
collector. 
 
Figure 8: The relationship between the simulated diameter of sprayed area and the distance between the tip and 
collector. 
 
The simulated diameter of sprayed area and experimental data are compared as shown in Fig. 9. 
The dashed lines illustrate that the diameter of the electrosprayed deposition area increases with 
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an increased distance between the tip and collector. It can be seen that the simulation results match 
better with experimental data at a smaller distance between the tip and collector. The discrepancy 
increases at a larger distance. This may be attributed to the evaporation of liquid droplets. The 
evaporation effect is not considered in this model. In the experiments, droplets evaporate during 
the movement towards collector. At a critical stage when the electrostatic force overcomes the 
surface tension force, then the droplet splits into two or several smaller droplets. At this moment, 
the smaller droplets have velocities along the Y-direction and the trajectories of droplets are further 
expanded. During the whole process, the droplets can even split for several times in the 
experiments.     
 
Figure 9: Comparisons between simulated diameter of sprayed area and experimental data with different distance 
between the tip and collector: (a) Applied voltage: 10 kV and feed rate: 2 mL h-1 and (b) applied voltage: 7.5 kV and 
feed rate: 1 mL h-1. 
 
4.3 Effect of feed rate 
Fig. 10 and Fig. 11 show the effects of feed rate on diameter of electrosprayed area. It can be 
seen that the diameter of the deposition area increases with the increased feed rate. It was also 
reported from previous experiments that a higher feed rate can lead to a larger first-ejected droplet 
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[6,25,26]. Larger droplets are capable to carry larger electric charges, which induce larger electric 
force and consequently larger deposition area. 
 
 
 
Figure 10: Diameter of sprayed area with different feed rates: (a) electric field and (b) – (f) deposition area: (b) 0.1 
mL h-1, (c) 0.5 mL h-1, (d) 1 mL h-1, (e) 2 mL h-1 and (f) 5 mL h-1 (Applied voltage: 10 kV and distance between the 
tip and collector: 5 cm). 
 
Figure 11: The relationship between the diameter of sprayed area and feed rate under various applied voltages and 
distances between the tip and collector. 
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 Figure 12: Comparisons of simulation results and experimental data with different feed rates: (a) Applied voltage: 
10 kV, distance between the tip and collector: 5 cm and (b) applied voltage: 7.5 kV, distance between the tip and 
collector: 7 cm. 
 
Fig. 12 compares the experimental and simulated results under two different electrospraying 
conditions. Both modeling results and experimental data show the same trend that the diameter of 
deposition area increases with increased feed rate. However, the increasing behavior is slightly 
different between the modeling and experimental results. The experimental data shows that the 
diameter of sprayed area increases rapidly with increased feed rate at a lower feed rate range, and 
increases much slower at a higher feed rate range. This increased characteristic is not demonstrated 
in the simulations. The discrepancy between the modeling results and experimental data seems to 
be smaller under a smaller or a higher feed rate. A possible explanation for the discrepancy under 
a smaller feed rate is concluded. A slower feed rate generates smaller droplets, which have lower 
evaporation rates. With less evaporations, the simulated results may match better with 
experimental data at a lower feed rate. Also, there is a possible reason for the decreasing 
discrepancy under a higher feed rate. A higher feed rate generates larger droplets and the splitting 
velocity for a larger droplet at the moment when a droplet splits is smaller than the one of a smaller 
droplet. A smaller splitting velocity will results in a much smaller deposition area. Fig. 13 shows 
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an example of splitting process. Assume two spherical stagnant droplets with a radius of 1 m and 
10 m, respectively. At the critical moment, they split into two identical spheres. Before splitting, 
the droplets have electrostatic and surface energies. After splitting, some electrostatic and surface 
energies are converted into kinetic energy. The total energy is assumed to be constant during the 
splitting process, and the splitting velocity is given [22] 
 
1
2
∙
q2
4𝜋𝜀0𝑟1
+ 4𝜋𝑟1
2𝛾 = 2 × (
1
2
∙
(
q
2
)2
4𝜋𝜀0𝑟2
+ 4𝜋𝑟2
2𝛾 +
1
4
𝑚𝑣𝑠𝑝𝑙𝑖𝑡𝑡𝑖𝑛𝑔
2)                             (13) 
 
Where, r1 is the radius of a droplet before splitting and r2 is the radius of a droplet after splitting. 
For a much smaller stagnant ethanol sphere (r1 = 1 m), the splitting velocity of the droplet is 
estimated to be 8.95 m s-1 and the splitting velocity is estimated to be 2.83 m s-1 for the larger 
stagnant ethanol sphere (r1 = 10 m). Thus, for a higher feed rate, the ability of increasing the 
deposition area may dramatically decrease due to a smaller splitting velocity and this may 
explain a smaller discrepancy between the modeling results, which do not consider the splitting 
process, and experimental data for a higher feed rate. 
 Figure 13: A proposed schematic of droplet splitting: large and small droplets. 
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Conclusions 
A simplified two-dimensional model was developed to study droplet dynamics and deposition area 
during the electrospraying process. The deposition area of electrosprayed droplets is tunable with 
various controllable parameters. It was found that the diameter of electrosprayed area increases 
with an increased feed rate, and an increased distance between the needle tip and collector for both 
modeling and experimental results. The discrepancy between modeling and experimental data may 
be due to the evaporation and splitting, which are not considered in the model. This fundamental 
understanding should contribute to the optimized choice of controllable parameters for the efficient 
utilization of electrosparyed droplets or substrate in reality.  
Acknowledgements 
This work is supported by US National Science Foundation with an award number: 1563238. 
References 
[1] A. Jaworek, Electrospray droplet sources for thin film deposition, J. Mater. Sci., 42 (2007) 
266-297. 
[2] C. H. Chen, E. M. Kelder, J. Schoonman, Electrode and solid electrolyte thin films for 
secondary lithium-ion batteries, J. Power Sources, 68 (1997) 377-380. 
[3] M. Nishizawa, T. Uchiyama, K. Dokko, K. Yamada, T. Matsue, I. Uchida, Electrochemical 
studies of spinel LiMn2O4 films prepared by electrostatic spray deposition, Bull. Chem. Soc. Jpn., 
71 (1998) 2011-2015. 
[4] K. Yamada, N. Sato, T. Fujino, C. G. Lee, I. Uchida, J. R. Selman, Preparation of LiNiO2 and 
LiMyNi1-yO2 (M= Co, Al) films by electrostatic spray deposition, J. Solid State Electrochem., 3 
(1999) 148-153. 
[5] M. Jafari‐Nodoushan, J. Barzin, H. Mobedi, Size and morphology controlling of PLGA 
microparticles produced by electro hydrodynamic atomization, Polym. Adv. Technol., 26 (2015) 
502-513. 
[6] N. Bock, M. A. Woodruff, D. W. Hutmacher, T. R. Dargaville, Electrospraying, a reproducible 
method for production of polymeric microspheres for biomedical applications, Polymers, 3, (2011) 
131-149. 
[7] D. Teer, M. Dole, Electrospray mass spectroscopy of macromolecule degradation in the 
electrospray, J. Polym. Sci., Part B: Polym. Phys., 13, (1975) 985-995. 
[8] S. Neubert, D. Pliszka, V. Thavasi, E. Wintermantel, S. Ramakrishna, Conductive electrospun 
PANi-PEO/TiO 2 fibrous membrane for photo catalysis, Mater. Sci. Eng., B, 176 (2011) 640-646. 
[9] B. Y. Lee, K. Behler, M. E. Kurtoglu, M. A. Wynosky-Dolfi, R. F. Rest, Y. Gogotsi, Titanium 
dioxide-coated nanofibers for advanced filters, J. Nanopart. Res., 12 (2010) 2511-2519. 
[10] T. Czech, S. Ramakrishna, S. Sundarrajan, Electrospinning and electrospraying techniques 
for nanocomposite non-woven fabric production, Fibres Text. East. Eur., 17 (2009) 77-81. 
[11] C. H. Chen, M. H. J. Emond, E. M. Kelder, B. Meester, J. Schoonman, Electrostatic sol–spray 
deposition of nanostructured ceramic thin films, J. Aerosol Sci., 30 (1999) 959-967. 
[12] W. D. Teng, Z. A. Huneiti, W. Machowski, J. R. Evans, M. J. Edirisinghe, W. Balachandran, 
Towards particle-by-particle deposition of ceramics using electrostatic atomization, J. Mater. Sci. 
Lett., 16 (1997) 1017-1019. 
[13] Y. Zhang, M. W. Lee, S. An, S. Sinha-Ray, S. Khansari, B. Joshi, S. Hong, J. H. Hong, J. J. 
Kim, B. Pourdeyhimi, S. S. Yoon, A. L. Yarin, Antibacterial activity of photocatalytic electrospun 
titania nanofiber mats and solution-blown soy protein nanofiber mats decorated with silver 
nanoparticles, Catal. Commun., 34 (2013) 35-40. 
[14] D. Perednis, O. Wilhelm, S. E. Pratsinis, L. J. Gauckler, Morphology and deposition of thin 
yttria-stabilized zirconia films using spray pyrolysis, Thin solid films, 474 (2005) 84-95. 
[15] E. H. Sanders, K. A. McGrady, G. E. Wnek, C. A. Edmondson, J. M. Mueller, J. J. Fontanella, 
S. Suarez, and S. G. Greenbaum, Characterization of electrosprayed Nafion films, J. power 
sources, 129 (2004) 55-61. 
[16] H. Gourari, M. Lumbreras, R. Van Landschoot, J. Schoonman, Elaboration and 
characterization of SnO2–Mn2O3 thin layers prepared by electrostatic spray deposition, Sens. 
Actuators, B, 47 (1998) 189-193. 
[17] H. Gourari, M. Lumbreras, R. Van Landschoot, J. Schoonman, Electrode nature effects on 
stannic oxide type layers prepared by electrostatic spray deposition, Sens. Actuators, B, 58 (1999) 
365-369. 
[18] M. Lumbreras, Elaboration and characterization of tin oxide–lanthanum oxide mixed layers 
prepared by the electrostatic spray pyrolysis technique, Sens. Actuators, B, 78 (2001) 98-105. 
[19] Y. Matsushima, T. Yamazaki, K. Maeda, T. Suzuki, Fabrication of SnO2 particle-layers using 
the electrospray method and gas sensing properties for H2, J. Electroceram., 13 (2004) 765-770. 
[20] I. W. Lenggoro, B. Xia, K. Okuyama, J. F. de la Mora, Sizing of colloidal nanoparticles by 
electrospray and differential mobility analyzer methods, Langmuir, 18 (2002) 4584-4591. 
[21] M. Wilm, Principles of electrospray ionization, Mol. Cell. Biochem., 10 (2011) M111-009407. 
[22] M. Martinez-Sanchez, P. Lozano 16.522 Space Propulsion 2015. (MIT Open CourseWare: 
Massachusetts Institute of Technology), https://ocw.mit.edu/courses/aeronautics-and-
astronautics/16-522-space-propulsion-spring-2015/lecture-notes/MIT16_522S15_Lecture22-
23.pdf. License: Creative commons BY-NC-SA 
[23] I. B. Rietveld, K. Kobayashi, H. Yamada, K. Matsushige, Electrospray deposition, model, 
and experiment: Toward general control of film morphology, J. Phys. Chem. B, 110 (2006) 23351-
23364. 
[24] A. M. Gañán-Calvo, J. M. López-Herrera, N. Rebollo-Muñoz, J. M.  Montanero, The onset 
of electrospray: the universal scaling laws of the first ejection, Sci. Rep., 6 (2016). 
[25] K. Tang, A. Gomez, Monodisperse electrosprays of low electric conductivity liquids in the 
cone-jet mode, J. Colloid Interface Sci., 184 (1996) 500-511. 
[26] A. M. Ganan-Calvo, J. Davila, A. Barrero, Current and droplet size in the electrospraying of 
liquids. Scaling laws, J. Aerosol Sci., 28 (1997) 249-275. 
[27] X. Ke, J.I.D. Alexander, J.M. Prahl, R.F. Savinell, Flow distribution and maximum current 
density studies in redox flow batteries with a single passage of the serpentine flow channel, J. 
Power Sources, 270 (2014) 646-657. 
[28] X. Ke, J.I.D. Alexander, J.M. Prahl, R.F. Savinell, A simple analytical model of coupled 
single flow channel over porous electrode in vanadium redox flow battery with the serpentine flow 
channel, J. Power Sources, 288 (2015) 308-313. 
[29] X. Ke, J.M. Prahl, J.I.D. Alexander, R.F. Savinell, Mathematical modeling of electrolyte flow 
in a segment of flow channel over porous electrode layered system in vanadium flow battery with 
flow field design, Electrochim. Acta, 223 (2017) 124-134. 
[30] X. Ke, J.M. Prahl, J.I.D. Alexander, R.F. Savinell, Redox flow batteries with serpentine flow 
fields: Distributions of electrolyte flow reactant penetration into the porous carbon electrodes and 
effects on performance, J. Power Sources, 384 (2018) 295-302. 
[31] C. Boo, J. Lee, M. Elimelech, Engineering surface energy and nanostructure of microporous 
films for expanded membrane distillation applications, Environ. Sci. Technol., 50 (2016) 8112-
8119. 
[32] M. Farrokhi-Rad, Electrophoretic deposition of hydroxyapatite nanoparticles in different 
alcohols: Effect of Tris (tris (hydroxymethyl) aminomethane) as a dispersant, Ceram. Int., 42 
(2016) 3361-3371. 
[33] S. Kouris, C. Panayiotou, Dynamic viscosity of mixtures of benzene, ethanol, and n-heptane 
at 298.15 K, J. Chem. Eng. Data, 34 (1989) 200-203.  
[34] M. Mohsen-Nia, H. Amiri, and B. Jazi, Dielectric constants of water, methanol, ethanol, 
butanol and acetone: measurement and computational study, J. Solution Chem. 39 (2010) 701-708. 
[35] J. Dixon, The shock absorber handbook, John Wiley & Sons, 2008. 
 
 
